Many biologically interesting processes involve proteins or protein assemblies that are attached to or integrated into the cell membrane or other cellular and/or viral structures that are not dissolved in the cytoplasm 1 . The structural analysis of these insoluble proteins by single-crystal X-ray diffraction is difficult, as they cannot be easily crystallized 2, 3 . Because of their insolubility, solution-state NMR is often not a viable technique either [4] [5] [6] . By contrast, ssNMR has proven to be a successful method for studying insoluble proteins in terms of their atomic structure and dynamics, in particular because the sample conditions can be close to those of the in vivo state [7] [8] [9] [10] [11] [12] [13] [14] .
IntroDuctIon
Many biologically interesting processes involve proteins or protein assemblies that are attached to or integrated into the cell membrane or other cellular and/or viral structures that are not dissolved in the cytoplasm 1 . The structural analysis of these insoluble proteins by single-crystal X-ray diffraction is difficult, as they cannot be easily crystallized 2, 3 . Because of their insolubility, solution-state NMR is often not a viable technique either [4] [5] [6] . By contrast, ssNMR has proven to be a successful method for studying insoluble proteins in terms of their atomic structure and dynamics, in particular because the sample conditions can be close to those of the in vivo state [7] [8] [9] [10] [11] [12] [13] [14] .
Any meaningful analysis by NMR starts with a (preferably) complete chemical shift assignment of the protein. This unambiguous assignment of the chemical shifts to the atoms in the protein chain is the basis for the subsequent experiments toward structure determination 15, 16 or dynamics characterization [17] [18] [19] [20] [21] [22] [23] .
In this protocol, several acronyms will be used to refer to certain recoupling or decoupling schemes. For a better understanding, Table 1 shows a summary of their meanings, explanations for their usage and references in the literature.
Comparison with 13 C-detected method
The ssNMR experiments to achieve this assignment have traditionally involved detection of 13 C atoms 13, 14, [24] [25] [26] . In comparison with 1 H-detection, this has several advantages: the carbons suffer less from homonuclear dipolar couplings, as they have only onefourth of the gyromagnetic ratio of protons and the heteronuclear coupling to the protons can be decoupled during acquisition 27 . Furthermore, the carbon chemical shifts are distributed across a larger range (~180 p.p.m. vs. ~10 p.p.m.). As a result, fairly well-resolved spectra can be acquired at low spinning speeds (≤24 kHz) and without perdeuteration of the protein 28 . This lowers the production costs of the sample and the demand with respect to the required hardware (low-spinning probes). In addition, the dense proton network in the protein facilitates the collection of long-distance 13 C- 13 C restraints for structural analysis (i.e., via proton-driven spin diffusion) 15 .
Nevertheless, this method also has considerable shortcomings that can be alleviated by 1 H-detection 29 : for example, the lower gyromagnetic ratio means a lower sensitivity 30, 31 . For 13 C-detection, protein quantities of 10 mg or more are needed, whereas for 1 H-detection a few milligrams are sufficient. Because of the larger chemical shift dispersion of carbons, in conjunction with the low sensitivity, it is very time-consuming to acquire 3D NMR spectra. The introduction of protons as a new spectral dimension and the reduction of information to the backbone greatly simplify the appearance of the 2D planes 32 . This facilitates the assignment process, particularly for larger proteins (>100 amino acid (aa) residues). be acquired at ultra-high resolution and sensitivity. The most commonly used way to reduce the proton density in proteins is to start with perdeuterated proteins and add back (back-substitute) labile protons (-NH, -OH) in a buffer containing a mixture of H 2 O and D 2 O, for which the H 2 O content determines the degree of reprotonation 32 . This means that the only protons detected are those associated with exchangeable protons in the backbone and side chains.
With the recent progress in hardware development, high external magnetic fields and ultrafast MAS (≥40 kHz) spinning probes were introduced for ssNMR studies. More recently, MAS probes providing spinning rates of >100 kHz 39 have become commercially available. These developments make it possible to use fully back-exchanged proteins or even fully protonated protein samples [40] [41] [42] [43] .
The assignment strategies previously developed for 1 H-detected solution-state NMR and 13 C-detected ssNMR had to be modified and combined in order to succeed in 1 H-detected ssNMR. Since 2003, when the first high-quality 1 H-detected ssNMR spectra of proteins were reported, many proteins have been assigned using novel experimental protocols.
A homonuclear magnetization transfer between directly bound carbons can be achieved through scalar couplings 44 using INEPT or through homonuclear dipolar couplings 45, 46 using the DREAM 47 and HORROR 48 recoupling schemes. The choice between the two approaches (scalar-or dipolar-based) depends on the sample properties and experimental conditions. Because of its fast transfer and long T 1ρ , DREAM/HORROR is the method of choice for systems with fast decay of the transversal coherence, which is the most typical scenario in protein ssNMR. INEPT is most preferable in case of long-lived transversal coherences, which are, for example, provided by a combination of a sparse protonation level and a fast MAS rate. Furthermore, coherence lifetime is also affected by relaxation properties of the protein.
For heteronuclear magnetization transfers between 1 H and 15 N or between 13 C and 15 N, the most efficient transfer is provided by cross-polarization (CP; dipolar couplings) rather than INEPT (scalar couplings), according to the studies reported so far, even in favorable cases with relatively long transversal coherence lifetimes. Nevertheless, both types of magnetization transfer (CP and INEPT) have been successfully used in several studies. For example, Rienstra and co-workers used only recoupled dipolar interactions for the inter-spin magnetization transfer 45 to obtain a set of six 1 H-detected 3D experiments to assign the backbone resonances of several systems at high magnetic field (750 MHz) and high MAS rates (~40 kHz). In another example, Pintacuda and co-workers used only scalar couplings for all 13 C-13 C magnetization transfers at MAS rates >60 kHz 44 for the assignment of different proteins at external magnetic fields of 800 and 1,000 MHz.
Most protein 1 H-NMR assignments reported to date have been obtained at high external magnetic fields (750-1,000 MHz) and by using perdeuterated samples with 100% reprotonation of labile sites and ultrafast MAS rates (40-60 kHz) 45, 49, 50 . In the case of spectrometers operating at low external magnetic fields (<700 MHz) and equipped with 2.5-or 3.2-mm probes with relatively low (24-32 kHz) maximum MAS rates, a low degree of reprotonation (~20%) has been used to obtain high-resolution spectra. Using such experimental conditions, the resonance assignments could be obtained by solution-state experimental protocols 51 or by the dipolar-based 'out-and-back' approach using 3D 46 or even 4D spectra 52 .
The combination of MAS rate and degree of reprotonation should be optimized for best sensitivity and resolution 53 . Sensitivity-wise, it is worthwhile to use full or close-to-full backprotonation (≥60%) of labile sites. This avoids the need for out-andback experiments 46 : low degrees of back-protonation result in a higher chance of the neighboring amino acid being deuterated so that a detection there would be impossible. The need to 'go back' to the proton where the magnetization originated compromises sensitivity as a result of additional transfer steps.
In terms of line widths, high levels (≥60%) of back-protonation yield only well-resolved spectra at ultrafast MAS rates (≥40 kHz). This is why the advent of ultrafast MAS has made partial The experiments in this protocol use dipolar-based magnetization transfer steps (CP) and require a uniformly [ 2 H, 13 C, 15 N]-labeled protein sample with back-exchanged labile protons (typically a ≥60% reprotonation degree) at 40 kHz MAS or higher. The sample preparation is described in the MATERIALS section. To allow for chemical shift assignment of the backbone atoms, the setup, optimization and acquisition of five 3D NMR experiments (Steps 27, 39, 46, 52 and 63) are explained in this protocol.
Level of expertise needed to implement the protocol
The maintenance and operation of NMR spectrometers equipped with ultrafast spinning probes are more complicated than those of machines with slow spinning probes: the tiny NMR rotors are more difficult to manipulate, and nonoptimal conditions within the stator can cause unstable spinning or make it impossible to reach the desired spinning frequency. At ultrafast spinning frequencies, frictional heating becomes a severe problem and cooling plays an extremely important role. The temperature of the cooling gas stream at the highest spinning speed is ~−50 °C, which keeps the actual sample temperature between 10 and 30 °C, a value that is chosen depending on the protein system and the hardware capabilities. Freezing the sample or heating it too much during the spin-up or spin-down process can easily destroy the protein.
During the experiments, the temperature must be maintained as stably as possible (± 0.2 K) to avoid chemical shift fluctuations. Being familiar with the probe and cooling unit is therefore a critical prerequisite for carrying out the experiments. To successfully run the NMR experiments described here, a complete understanding of the pulse sequences and pulse sequence language is desirable. 1 H-detected pulse programs are more complex in comparison with 13 C-detected experiments. Because there is a much higher number of parameters that need to be optimized, the whole process can be more time-consuming. Mis-set parameters can easily lead to the lack of any observable signal or nonoptimal water suppression.
Limitations
Apart from the apparent advantages that are conveyed by 1 H-detection, not all problems connected to solid-state protein NMR can be solved by this technique. Although the assignment process can be greatly facilitated, at a certain number of amino acids (>>200) the spectral overlap will still cause difficulties. If the resolution in the 13 C-detected spectra is not good (e.g., as a result of sample heterogeneity), it cannot be expected that the 1 H-detected spectra exhibit a better resolution to circumvent this problem. Some proteins even exhibit poor proton resolution despite having a decent resolution in 13 C-detected spectra, mostly as a result of the smaller proton chemical shift dispersion and possibly as a result of a higher sensitivity of the proton resonances toward sample heterogeneity. In addition, this technique allows for the assignment of only the backbone atoms 55 (except proline). The side chains can be assigned only up to 13 CB ( 13 Cβ), but the gained backbone assignments help to extract the side-chain information from the corresponding 13 C-detected data.
The fact that side-chain information is available only up to 13 CB can also lead to problems with ambiguity; the cross-peak pattern in the 13 C-detected spectra is typically unambiguous with respect to the amino acid type. For 1 H-detected data, the lack of the side-chain carbon information makes the amino acid type assignment dependent on the combination of 13 CA ( 13 Cα) and 13 CB shifts. For some residues (see ANTICIPATED RESULTS section for details), the average shift ranges for these atoms 56 overlap and can therefore cause ambiguities. Although this can often be resolved, as the actual amino acid chain determines the sequence of residues, in some cases this may still pose a severe problem. In protein systems with a limited set of (overlapping) amino acid types or repetitive patches of the same amino acids, it is difficult to assign certain shifts to their exact position in the chain. In such situations, an unambiguous and complete backbone assignment might not be possible with this technique.
Some of the NMR experiments have long acquisition times (see the TIMING section); the protocol is therefore limited to those proteins that are stable for >2 weeks in the conditions of the experiment. Stability can be checked in separate experiments in which 1D 1 H NMR spectra are taken at appropriate time intervals. Finally, not all proteins, and, in particular, not all membrane proteins, can be easily produced in perdeuterated form and back-exchangeda prerequisite for the method described here. In those cases, 13 C-detected methods may be the only choice.
MaterIals

REAGENTS
Sample  crItIcal The steps in this protocol require a uniformly [ 2 H, 13 13 C, 15 N) is advisable, as it allows for a field lock on the deuterons, which is especially important for 1 H-detection because of the sensitivity of the proton frequencies to magnetic field drifts. A gradient channel is not a necessity but can be useful for water suppression 36 . We used a Bruker Avance I 900 MHz NMR spectrometer equipped with a four-channel ( 1 H, 2 H, 13 C, 15 N) 1.9-mm gradient probe. The cooling unit must be capable of maintaining the sample at a sufficiently low temperature to avoid any kind of denaturation during the experiments. We typically perform our experiments at ~20 °C.
The pulse sequences used in this protocol can be found in Supplementary Data 1-10 . proceDure acquisition of a 1D and 2D (H)nH correlation reference spectrum • tIMInG 1 d  crItIcal The pulse sequence for this experiment is shown schematically in Figure 1 (highlighted pulse sequence code in supplementary Data 1 and as a separate source file).
Step 1 starts with the sample inside the NMR magnet. 1| Set the offset of the 1 H channel to the water signal, the offset of the 13 C channel to the center of the carbon spectrum (~100 p.p.m.) and the offset of the 15 N channel to the center of the backbone nitrogen signal. Set the pulse offsets for all proton pulses (except during water suppression) to the amide proton region.
2|
Set the first 90° proton excitation pulse to 3 µs and set the corresponding power level.
3|
Calculate and set a possible CP condition (fulfilling the Hartmann-Hahn condition: |ν NucA ± ν NucB | = n·ν MAS , with ν being the r.f. field strength on nucleus A or nucleus B, ν MAS the MAS frequency and n = 1 or n = 2) for 1 H to 15 N and 15 N to 1 H (these can be identical). Avoid resonance and/or recoupling conditions for any of the involved nuclei (ν Nuc /ν MAS = 0.5, 1 or 2). Reasonable contact times are 1 ms and 400 µs, respectively.  crItIcal step Mis-set CP conditions lead to a lack of any observable signal.
4|
Use WALTZ-16 decoupling 57,58 on the proton channel during 15 N evolution and on the nitrogen-channel during 1 H evolution (detection). Reasonable decoupling pulse powers are 5 kHz (50 µs, 90° pulse) and 4.17 kHz (60 µs, 90° pulse), respectively.
5|
Set the duration of the 180° XY decoupling pulses (highlighted decoupling sequence code in supplementary Data 2 and as a separate source file) to 10 µs and set the corresponding power level. Set the XY decoupling delay to 1 ms.
Box 1 | How to adapt your protein expression and purification strategy to maximize deuteration • tIMInG 2 weeks
To avoid unwanted residual protonation (especially in side chains), certain precautions must be taken during protein expression.
preparation of reagents
All thermally stable buffer components (e.g., trace elements, salts, glucose and ammonium chloride) must be dissolved in D 2 O and then lyophilized and dissolved in D 2 O again. This process can be repeated to increase the level of deuteration even further.
Thermosensitive components (isopropyl β-d-1-thiogalactopyranoside (IPTG), thiamine, biotine and antibiotics) cannot be lyophilized, and these should just be dissolved in D 2 O.
adapting Escherichia coli to D 2 o medium To adapt E. coli to the rather toxic D 2 O-containing medium, a three-step adaption procedure should be used, for example:
1. Culture the E. coli at 50% (vol/vol) D 2 O (e.g., 2.5 ml of LB medium with 2.5 ml of deuterated M9 medium) until the medium turns turbid (several hours). 2. Increase the D 2 O concentration to 75% (vol/vol) (e.g., by adding 5 ml of deuterated M9 medium) and incubate until the medium turns turbid again (several hours). 3. Increase the D 2 O concentration to ~100% (vol/vol) (e.g., by adding 50 ml of deuterated M9 medium). A stable culture (completely adapted to a deuterated medium) will establish during incubation overnight at 37 °C.
The next morning, collect the cells by gentle centrifugation (e.g., 3,500g for 20 min at 37 °C) and use them to inoculate a fresh, deuterated M9 medium to an optical density of 0.1.
Workup after protein expression and purification
After protein expression and purification, the excess buffer must be removed in an ultracentrifuge to increase the protein content in the formed pellet. After transferring the pellet to the rotor, a few crystals of DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) should be added for later temperature control and chemical shift referencing via the 1D 1 H spectra 66, 67 . The peak of the DSS signal should be set to 0 p.p.m. to reference the chemical shift dimension. In such a referenced spectrum, the chemical shift of the water peak is used to calculate the actual sample temperature. If the back-exchange ratio is 100%, a small amount of D 2 O should be added on top of the sample to ensure the functioning of the field lock (if supported by the equipment). 7| Set the T delay for water suppression to 44 ms. Set the duration of the ramped water-suppression spoil pulse to 1.2 ms and its power level to the same as used for the first 1 H CP pulse. Set the power level of the water suppression pulse train 59 to 11 kHz and the pulse durations to 20 ms and 34 ms. Set the loop counter so that the train is executed once.
8|
Set the spin-echo 180° 1 H pulse to a duration of 6 µs and set the corresponding power level. Set the spin-echo delay T r to the duration of one rotor period.
9|
Set the acquisition time in the direct dimension to 55 ms and that in the indirect dimension (for the 2D spectrum) to 30 ms.
10|
Set the spectral width in the indirect dimension to span the whole amide nitrogen range and that in the direct dimension to cover the range from the amide protons up to 0 p.p.m.
11| Set the number of scans to eight and the number of dummy scans to four. Set the recycle delay to 1 s.
12|
Optimize the power level of the first excitation pulse, the power levels of all CP steps, the duration of the first CP step, the slope, the channel ( 15 N or 1 H) and the direction of the CP ramps, the power level of the 15 N 90° flip pulses, the duration of the proton spin-echo pulse and the power level of the 15 N WALTZ-16 decoupling to achieve maximum intensity of the amide proton signal in the 1D spectrum.  crItIcal step Increasing the duration of the CP step from 15 N to 1 H can lead to unwanted long-distance transfer, so we recommend that you do not reoptimize this duration.
13|
Optimize the 1 H WALTZ-16 decoupling during the evolution period by inserting a 180° nitrogen spin-echo pulse into the middle of the evolution time (see commented line 57 in pulse sequence example in supplementary Data 1) and setting the evolution time to such a value that the resulting amide proton intensity in the 1D spectrum is ~50% of the intensity of a spectrum acquired without any evolution time (typically between 20 and 40 ms). Then optimize the power level of the decoupling to achieve maximal signal intensity.
14|
Optimize the water suppression by changing the T delay time (up to 100 ms is acceptable) and by changing the power level, length or loop count of the suppression pulse train. The water suppression is considered acceptable when the residual water signal is less intense than the amide proton signal. A list of optimized parameters (which merely act as guidelines) can be found in table 2. ! cautIon Increasing the power levels too much can damage the spectrometer hardware and/or sample. ? troublesHootInG The r.f. power values were determined only for the high-power pulses via nutation experiments, and the other r.f. powers were calculated assuming a linear amplifier and are therefore only estimates. These values are meant to be guidelines for setting up new experiments and will vary depending on the sample and instrumentation used.
15|
Acquire the 1D (H)NH NMR spectrum (Fig. 2a) using the optimized values. Regularly acquired (e.g., between 3D experiments), it will serve as a reference spectrum and can be compared with the first spectrum (the reference spectrum) to monitor sample and spectrometer stability.
16|
Acquire the 2D (H)NH NMR spectrum (Fig. 2b) by setting a reasonable acquisition time for the indirect dimension, which can be optimized by evaluating the signal decay in the indirect dimension.
acquisition of a 3D (H)canH correlation spectrum • tIMInG 2 d  crItIcal
The pulse sequence for this experiment is shown schematically in Figure 3 (highlighted pulse sequence code in supplementary Data 3 and as separate source file). 17| Use the offset parameters (except the 13 C offset) from Step 1 as a basis for setting up this experiment. Carry out Step 2. Set the 15 N to 1 H CP condition as described in Step 3.
18| Set the offset of the 13 C channel to the center of the 13 CA region.
19| Calculate (refer to
Step 3 for equation) and set a SPECIFIC-CP 60 condition for the 1 H-13 CA transfer step. Calculate and set CP conditions for the 13 CA-15 N transfer step. Avoid recoupling conditions (Step 3). Reasonable contact times for both transfers are between 4 and 10 ms.  crItIcal step Mis-set CP conditions lead to a lack of any observable signal.
20| Set the offset of the 13 C channel to the center of the carbon region after the 13 CA-15 N transfer.
21| Carry out Steps 4-8 (using previously optimized values; see Step 16).
22| Use WALTZ-16 decoupling on the 15 N channel during 13 C evolution (with parameters as in Step 4). 
23|
The SPECIFIC-CP step from 1 H to 13 CA is best optimized by acquiring a 1D 13 C-detected 1 H-13 CA CP spectrum. Optimize the CP power, contact time and ramp position ( 13 C or 1 H) to achieve the maximal 13 CA signal (Fig. 4a) .  crItIcal step For the SPECIFIC-CP step from 1 H to 13 CA, aim for minimal 13 CB and 13 CO excitation (Fig. 4a) . This is important, because unwanted magnetization might negatively affect the experiment.
24|
Optimize the 13 CA-15 N transfer step by acquiring the 1D version of the (H)CANH spectrum, aiming for maximal amide proton signal. Try different values of ν C and optimize ν N to obtain the best transfer efficiency. We found that the most suitable condition is ν C + ν N = ν MAS with ν C ≈ 0.6 ν MAS and ν N ≈ 0.4 ν MAS .  crItIcal step Finding a suitable 13 C-15 N condition can be tedious, as it is a 2D (ν C and ν N ) optimization problem and very sensitive to mis-set parameters because of very small dipolar couplings.
25|
Optimize the spectral width and offset position in the indirect 13 CA dimension by acquiring the 2D (H)CA(N)H version of the spectrum.
26|
Optimize the needed acquisition time in the indirect 13 CA dimension by evaluating the signal decay in this 2D spectrum. A list of optimized parameters (which merely act as a guideline) can be found in table 3.
27|
Using the optimized parameters, acquire the 3D (H)CANH spectrum (Fig. 4b) . To keep the measurement time within a reasonable range, limit the spectral widths in the indirect dimensions as much as possible (consider folding peaks) and shorten the acquisition times as needed. 29| Calculate (see Step 3 for equation) and set a SPECIFIC-CP condition for the 1 H-13 CO transfer step (can be similar to that for 1 H-13 CA in Step 19) . Avoid recoupling conditions (Step 3). 
30|
Choose a soft pulse with a shape and phase profile that inverts a sufficiently narrow bandwidth so that it can act on the 13 CA and 13 CO magnetization individually. A 'Gauss cascade Q3' shape 61 (Bruker TopSpin nomenclature) has proven to work well. Calculate and set the needed duration, pulse power and offsets for the chosen shape.
31| Set the duration of the 180° 15 N inversion pulses to 14 µs and set the corresponding power level.
32| Use the 13 CA-15 N CP condition from
Step 19 for the 13 CO-15 N CP transfer (with the offset for the 13 C CP pulse set to 13 CO).
33|
Set the offset of the 13 C XY decoupling to act on the center of the carbon range.
34|
The shaped selective pulses are best optimized using a 13 C direct excitation 1D experiment in which the soft pulse inverts the 13 CA or 13 CO region before the excitation broadband hard pulse (highlighted pulse sequence code in supplementary Data 5 and as a separate source file). This results in a 1D 13 C NMR spectrum in which the respective region has negative intensity. Adjust the pulse power or duration until the absolute intensity of the inverted part of the spectrum is maximal (preferably as intense as in a spectrum recorded with the shaped pulse deactivated, Fig. 6a ).
35| Carry out Steps 4-8 (using previously optimized values).
36| Reoptimize the 13 CO-15 N transfer step (Step 24).
37|
Optimize the spectral width and offset position in the indirect 13 CO dimension by acquiring the 2D (H)CO(N)H version of the spectrum.
38|
Optimize the needed acquisition time in the indirect 13 CO dimension by evaluating the signal decay in this 2D spectrum. A list of optimized parameters (which merely act as guidelines) can be found in table 4.
39|
Using the optimized parameters, acquire the 3D (H)CONH spectrum (Fig. 6b) . To keep the measurement time within a reasonable range, limit the spectral widths in the indirect dimensions as much as possible (consider folding peaks) and shorten the acquisition times as needed. 13 C direct excitation NMR spectrum (top). 1D 13 C direct excitation NMR spectrum with soft 180° pulse on 13 CA before excitation of carbons (center). 1D 13 C direct excitation NMR spectrum with soft 180° pulse on 13 
acquisition of a 3D (H)caco(n)H correlation spectrum • tIMInG 3 d  crItIcal
The pulse sequence for this experiment is shown schematically in Figure 7 (highlighted pulse sequence code in supplementary Data 6 and as a separate source file). 40| Use the offset parameters (except the 13 C offset) from Step 1 as a basis for setting up this experiment. Carry out Step 2. Set the 15 N to 1 H CP condition as described in Step 3.
41|
The DREAM transfer from 13 CA to 13 CO is best optimized using a 1D 13 C-detected 1 H-13 CA SPECIFIC-CP NMR experiment with a DREAM transfer step to 13 ∆ , with ν r being the MAS frequency and ∆ν being the resonance offset between 13 CA and 13 CO). Reasonable durations for this pulse are from 3 ms to 10 ms. Use 50 kHz r.f. power for the trim pulse and set its flip angle α (duration) to be equivalent to the out-of-plane angle caused by the resonance offset (in Hz) between the 13 CA and 13 CO regions (tan α = ∆ν/B 1 ).  crItIcal step A mis-set DREAM-transfer will lead to no observable amide signal.
42| Optimize the DREAM pulse power level, its duration, its ramp direction and the duration of the trim pulse to achieve maximal absolute signal intensity for the 13 CO signal (Fig. 8a) . The transfer efficiency can be measured by comparing the absolute integral of the 13 CA region (when the subsequent DREAM transfer is switched off) with the absolute integral of the 13 CO region (when the transfer is switched on). A transfer of ~70% is considered to be good.
43|
Carry out Steps 4 (without WALTZ on the proton channel), [6] [7] [8] 19 (for the 1 H-13 CA transfer step only), 22, 30-32 and 34 (using previously optimized values).
44|
Copy the optimized DREAM parameters to the 1D (H)CACO(N)H experiment and reoptimize the DREAM transfer step to achieve maximal signal intensity of the amide protons.
45|
The offsets, spectral widths and acquisition times for the indirect dimensions can be taken from the experiments acquired in Steps 27 and 39. A list of optimized parameters (which merely act as a guideline) can be found in table 5.
46|
Using the optimized parameters, acquire the 3D (H)CACO(N)H spectrum (Fig. 8b) .
acquisition of a 3D (H)coca(n)H correlation spectrum • tIMInG 3 d  crItIcal
The pulse sequence for this experiment is shown schematically in Figure 9 (highlighted pulse sequence code in supplementary Data 8 and as a separate source file). 47| Use the offset parameters (except the 13 
50|
Reoptimize the DREAM transfer step.
51|
The offsets, spectral widths and acquisition times for the indirect dimensions can be taken from the experiment acquired in Step 46. A list of optimized parameters (which merely act as guidelines) can be found in table 6.
52|
Using the (re)optimized parameters, acquire the 3D (H)COCA(N)H spectrum (Fig. 10) .
acquisition of a 3D (H)cbca(n)H correlation spectrum • tIMInG 5 d  crItIcal
The pulse sequence for this experiment is shown schematically in Figure 11 (highlighted pulse sequence code in supplementary Data 9 and as a separate source file). 53| Use the offset parameters (except the 13 C offset) from Step 1 as a basis for setting up this experiment. Carry out Step 2. Set the 15 N to 1 H CP condition as described in Step 3.
54| Set the offset of the 13 CB CP pulse to the center of the 13 CB region. 
55|
Calculate and set a SPECIFIC-CP condition for the 1 H-13 CB transfer step (which also excites 13 CA; refer to
Step 3 for equations).
56|
Use a ramped (100-80%) DREAM pulse with an r.f. power level that equals half the MAS frequency. Reasonable durations for this pulse are from 2 ms to 10 ms.
57|
Optimize the 1 H-13 CB SPECIFIC-CP condition.
58|
The DREAM transfer is optimized using a 1D 1 H-13 CA SPECIFIC-CP NMR experiment with a subsequent DREAM transfer step to 13 CB (same optimization experiment as for the 13 CA-13 CO DREAM transfer, but no trim pulse necessary; highlighted pulse sequence code in supplementary Data 7 and as a separate source file). Optimize the DREAM pulse power level, its duration and its ramp direction to achieve maximal negative signal intensity for the 13 CB region (Fig. 12) .  crItIcal step In the case of considerable excitation of 13 CA, it can be difficult to judge the best DREAM power level during optimization.
59|
Carry out Steps 4 (without WALTZ on the proton channel), 6-8, 19 ( 13 CA-15 N CP condition) and 22 (using previously optimized values).
60|
Copy the optimized DREAM parameters (with switched ramp direction because of the reversed transfer direction) to the 1D (H)CBCA(N)H experiment and reoptimize the DREAM transfer step to achieve maximal signal intensity of the amide protons. 
61|
The offsets, spectral widths and acquisition times for the indirect CA dimension can be taken from the experiment acquired in Step 52.
62| Acquire 2D versions of this experiment to adjust the spectral width, offset position and acquisition time for the indirect dimension of 13 CB. A list of optimized parameters (which merely act as guidelines) can be found in table 7. 13 CA SPECIFIC-CP NMR spectrum acquired in eight scans (top). 1D 1 H-13 CA SPECIFIC-CP NMR spectrum with subsequent DREAM transfer step to 13 CB acquired in eight scans (bottom). Note the remaining (positive) 13 CA magnetization and the transferred (negative) 13 CB magnetization. 63| Using the optimized parameters, acquire the 3D (H)CBCA(N)H spectrum (Fig. 13) .
? troublesHootInG ? troublesHootInG low signal intensity In the case of unsatisfactory signal intensity or transfer efficiency, you should check that all the involved parameters have been thoroughly optimized. This especially includes checking other CP conditions, ramp positions (i.e., choice of ramped channel) and directions and offsets, as well as avoiding resonance or recoupling conditions. Low-magnetization transfer efficiencies can also stem from residual protonation of the side chains. Refer to box 1 for advice on how to reduce protonation during protein expression (remove residual water from salts and stock solutions). This problem may also be reduced by applying 1 H decoupling during the concerned transfer steps.
Typical efficiencies, which can act as a guideline, are given in table 8.
poor water suppression
If the water suppression is not satisfactory (residual water signal is more intense than the amide signal; Step 14), the 2D and 3D spectra will be negatively affected by the water signal, and thus some peaks may become invisible or the baseplane will be misadjusted. Furthermore, the dynamic range of the receiver will not be efficiently used.
The water suppression needs to be fine-tuned for each experiment. Even slight changes in the delays or power levels can have a dramatic influence on the water signal. To improve the water suppression, systematically change the parameters of the water suppression block until the result is satisfactory. This procedure can be cumbersome and time-consuming, but it is essential to the success of the experiment.
If (without applying too much pulse power) no satisfactory suppression is possible and if the probe is equipped with a gradient coil, then the spoil pulse can be removed and a gradient pulse can be inserted ( Fig. 14a; highlighted pulse sequence snippet in supplementary Data 10). This pulse dephases the water signal and allows for an effective water suppression, which, additionally, is very uniform and does not change between scans. On our instrumentation (Bruker Avance I 900 MHz standard-bore magnet equipped with four-channel 1.9-mm probe), a gradient strength of 100%, a gradient duration of 1 ms (sinusoidal shape) and a ringdown delay of 5 ms have proven to be effective (Fig. 14b,c) .
If the water suppression is poor and changes considerably during scans, this may negatively affect the multidimensional experiments, as it might worsen while incrementing the delays. In this case, one should consider changing the pulse sequences to a constant-time approach so that the total decoupling time is independent of the duration of the current delay increment.
severe peak overlap and crowded spectra In case of broad peaks (as a result of sample heterogeneity) and/or a high number of peaks (as a result of many amino acid residues or hetero-multimers), the resulting peak overlap can make the assignment of the residues difficult or even impossible. In this case, it is advisable to acquire further experiments used for assignment. The experiments presented here are only a minimal set needed for the backbone assignment. The resolution of the HCA planes is typically better than the resolution of the HN planes, so it is better to acquire the HCCNH-type spectra in such a way that both carbons are allowed to evolve instead of the nitrogen. To complement these data and be able to resolve crowded parts of the spectra, the detected nuclei in these spectra can be changed: apart from the (H)CACO(N)H spectrum, an (H)CA(CO)NH spectrum can also be acquired. In addition to the (H)COCA(N)H spectrum, an (H)CO(CA)NH spectrum can be acquired. These complementary spectra should then allow for unambiguous assignment in the crowded regions.
additional remarks
Please note that 13 CO decoupling during 13 13 CA is substantially broader than that of 13 CO as a result of the additional J-couplings to 2 H and 13 CB. Therefore, the resolution benefits of 13 CO decoupling would be relatively small and magnetization losses during decoupling might substantially reduce the signal intensity, especially for fast-relaxing regions. At the same time, the 13 CA resolution is already sufficiently high for assignment purposes.
CA evolution in the experiments (H)CANH, (H)CACO(N)H, (H)COCA(N)H and (H)CBCA(N)H is not used because the linewidth of
In the experiments presented here, there is no 1 H-decoupling during the 13 C evolution times. This is because the MAS rates are high enough to suppress the 1 H-13 C dipolar couplings.
• tIMInG The time needed for protein expression and purification depends on the characteristics of the protein, but is typically about two weeks. The total measurement time for the experiments depends on the instrumentation, the rotor diameter, the sample quantity, the sample heterogeneity, the protein size, the degree of back-protonation, the sensitivity of the probe and the pulse sequence parameters. This is why it is difficult to estimate the experiment time required. The number of scans must be adjusted in such a way as to give a The values are comparisons of the amide proton intensity in the 1D NMR spectrum corresponding to the (H)NH 1D reference experiment. These values are meant to be guidelines for evaluating the correct functioning of experiments and will vary depending on the sample and instrumentation used. (a) Schematic representation of the water suppression pulse sequence block when using a gradient pulse. The spoil pulse is removed and a sinusoidal gradient pulse is added after the suppression pulse train. Note that after the gradient pulse a ringdown delay needs to be inserted as well. (b) 1D (H)NH NMR spectrum of a sample that yields only poor water suppression when the pulse sequence without gradient is used. (c) 1D (H)NH NMR spectrum of the same sample but with gradient water suppression scheme. Note that suppression is nearly perfect. satisfactory signal-to-noise ratio. To serve as a guideline, 
antIcIpateD results
Carrying out the steps of the protocol as described above, a set of one 2D NMR spectrum and five 3D NMR spectra will be obtained (typical total measurement times given in table 9 ). The acquired experiments correlate the nuclei of the backbone (and CB) atoms either within a residue ((H)NH, (H)CANH, (H)COCA(N)H and (H)CBCA(N)H) or between neighboring residues ((H)CONH and HCACO(N)H). A schematic representation of the magnetization transfers is shown in Figure 15 . By knowing all backbone chemical shifts of one residue (i.e., in the (H)CANH spectrum), the unknown chemical shifts of the neighboring residue can be determined stepwise as the other spectra correlate two known chemical shifts and one unknown chemical shift, which usually allows for an unambiguous assignment (depending on crowding of the spectra and peak width). The 13 CO chemical shift of the preceding residue is determined by navigating to the known 1 H and 15 N chemical shifts in the (H)CONH spectrum. The 13 CA chemical shift of the preceding residue is determined by navigating to the known 1 H and newly determined 13 CO chemical shifts in the (H)CACO(N)H spectrum. The 1 H chemical shift of the preceding residue is determined by navigating to the newly determined 13 CO and 13 CA chemical shifts in the (H)COCA(N)H spectrum. The 15 N chemical shift of the preceding residue is determined by navigating to the newly determined 1 H and 13 CA chemical shifts in the (H)CANH spectrum. The 13 CB chemical shift of the preceding residue is determined by navigating to the newly determined 13 CA and 1 H chemical shifts in the (H)CBCA(N)H spectrum. Now all shifts of the preceding residue are determined, and the preceding residue becomes the known residue. Repeating this algorithm, a complete assignment of the protein backbone is possible via the described 'backbone walk' . This walk comes to a halt whenever there is a proline residue (no amide proton). In this case, a new starting point in the chain needs to be found in order to resume the backbone walk from this position (this is possible in both directions). An exemplary strip plot illustration of a 'backbone walk' is shown in Figure 16 . It illustrates the arrangement of the 3D spectra and the individual assignment steps ('walk') described above. Assuming a good spectral resolution, this procedure allows for a nearly complete backbone (and CB) assignment. To find a starting point for assignment, to resume assignment after proline residues or to resolve ambiguities (when there is more than one peak 'candidate'), amino-acid-specific average chemical shift values can be very useful. They can help to unequivocally assign a chemical shift to a specific amino acid type or to assign peaks with characteristic chemical shift values directly to an amino acid residue in the protein chain.
The average values for the common amino acid types are given in table 10. Together with their standard deviations, the expected chemical shift range can be estimated (δ ± 3σ). Using the 13 However, the ambiguities are limited by the possibilities given in the actual amino acid chain. Severe problems should arise only for proteins with a very limited set of amino acids or highly repetitive patches of certain amino acid sequences. In ambiguous cases, an assumption must be made. When the following amino acid type fits to the chain, this assumption can be confirmed. Otherwise, it must be discarded.
Apart from carrying out the chemical shift assignment manually as described above, it is also possible to use automated algorithms 62 to facilitate the assignment process. This is especially relevant in the case of systems that exhibit severe peak overlap (ambiguities) or larger proteins. chemical shifts (δ in p.p.m.) and their standard deviations (σ in p.p.m.) for the 20 common amino acid residues 65 .
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